There is now a consensus that neural stem cells (NSCs) that can undergo neurogenesis are found in the adult brain within the subventricular zone lining the lateral ventricles and in the subgranular zone of the dentate gyrus (DG) (see ref. 2) . Neurogenesis by NSCs and survival of newly differentiated cells can contribute to self-repair after neuronal loss (3) . The process can be stimulated in response to CNS injury (4, 5) and by signaling from astroglia (6) . However, neurogenesis by endogenous NSCs cannot fully compensate for the neural loss observed in CNS disorders and in aging. These observations have stimulated a search for agents that will increase neurogenesis or enhance neuroprotection. Several factors have recently been explored for their role in neurogenesis: nerve growth factor (NGF) (7), brain-derived neurotrophic factor (8), neurotrophin-4͞5 (NT-4͞5) (9), neurotrophin-3 (NT-3) (10, 11), ciliary neurotrophic factor (CNTF) (12) , VEGF (13), fibroblast growth factor 2 (FGF-2), (14, 15) , erythropoietin (EPO) (16) , and the polycomb family transcriptional repressor BMI-1 (17, 18) .
An alternate approach to restoring function following neuronal loss is implantation of stem͞progenitor cells. The adult stem͞progenitor cells for nonhematopoietic tissues from bone marrow, referred to as mesenchymal stem cells or marrow stromal cells (MSCs), and similar stem͞progenitor cells from marrow or other tissues have been shown to home to damaged tissues and repair them by differentiating into the appropriate phenotypes, by producing chemokines, and perhaps by cell fusion followed by reductive division (see ref. 19 ). MSCs were first identified Ͼ30 years ago (20) (21) (22) , and they have been shown to differentiate into multiple cell phenotypes in culture, even when generated as clones of single-cell colonies. In rodents MSCs engraft into multiple tissues, including brain (23, 24) . Shortly after MSCs were discovered, however, they attracted attention primarily because confluent cultures of the cells were found to serve as effective feeder layers (see ref. 25) for hematopoietic stem cells. The effectiveness of MSCs as feeder layers for hematopoietic stem cells has, in part, been explained by their production of a large number of growth stimulating factors (26) (27) (28) (29) . For example, human MSCs have been shown to express neurotrophins not only in culture but also after implantation into the brains of rats (30) and immunodeficient mice (31) .
We report here that implantation of human MSCs into the DG of the hippocampus of immunodeficient mice stimulated proliferation, migration, and differentiation of endogenous NSCs that survived as more mature neural cells. Implantation of the human MSCs also enhanced the expression of neurotrophins by endogenous cells.
Materials and Methods
Cell Culture. Human MSCs were obtained from the Tulane Center for the Preparation and Distribution of Adult Stem Cells. The cells were prepared as previously described (32, 33) with protocols approved by an Institutional Review Board. In brief, bone marrow aspirates were taken from the iliac crest of normal adult donors. Nucleated cells were isolated by using a density gradient (Ficoll-Paque, Amersham Pharmacia Biotech) and resuspended in complete human MSC medium: ␣-MEM (GIBCO͞BRL, Grand Island, NY); 20% FBS (lot selected for rapid growth; Atlanta Biologicals, Norcross, GA); 100 units͞ml penicillin (GIBCO͞BRL); 100 g͞ml streptomycin (GIBCO͞ BRL); and 2 mM L-glutamine (GIBCO͞BRL). Cells were then plated in 20 ml of medium in a 180-cm 2 culture dish and incubated at 37°C with 5% humidified CO 2 . After 24 h, nonadherent cells were removed. Adherent cells were washed twice with PBS and incubated with fresh medium. After 5-7 days, the cells were harvested with 0.25% trypsin and 1 mM EDTA for 5 min at 37°C and then replated at Ϸ3-50 cells per cm 2 (Cell Factory, Nunc). After Ϸ7 days, when the cultures had reached 70% confluence, the cells (passage 1) were harvested with trypsin͞EDTA, resuspended at 1 ϫ 10 6 cells per ml in 5% dimethyl sulfoxide and 30% FBS, frozen in 1-ml aliquots over-night at Ϫ80°C, and then stored in liquid nitrogen. For cell expansion, frozen vials of passage-1 human MSCs were thawed, plated in 25 ml of medium in a 180-cm 2 culture plate (Nunc), and incubated at 37°C with 5% humidified CO 2 . After 24 h, the medium was removed, and adherent viable cells were washed twice with PBS, harvested with 0.25% trypsin and 1 mM EDTA, and replated at 100 cells per cm 2 . The cells were incubated until they were 70% confluent after Ϸ 7 days, at which time they were harvested with trypsin͞EDTA for analysis or transplantation.
Stereotaxic Surgery. Severe combined immunodeficient mice (n ϭ 84; SCID-Beige, The Jackson Laboratory), 6-8 weeks old, were anesthetized with 0.07 ml of a mixture of ketamine (90.9 mg͞ml) and xylazine (9.1 mg͞ml). Stereotaxic surgery was used to deliver either 50,000 or 100,000 human MSCs in 2 or 4 l, respectively, of PBS into the DG of the hippocampus at coordinates: A͞P, Ϫ2.3 mm, M͞L, Ϯ1.3 mm, and D͞V, Ϫ2.0 mm (34) . The cell suspension was delivered at a rate of 500 nl͞min. As controls, either 4 l of PBS or 4 l of PBS containing 100,000 nonviable MSCs was implanted. The MSCs were rendered nonviable by repeated freezing and thawing. The nonviability of the cells was confirmed by trypan blue staining and failure to observe growth after replating.
BrdUrd Administration. Mice (n ϭ 24) received i.p. injections of 50 mg͞kg BrdUrd (Sigma) in PBS with 0.007 M NaOH twice daily for 6 days beginning 24 h after implantation of MSCs. Mice were killed either on day 7 or on day 30 after implantation.
Real-Time RT-PCR for Proliferative Cell Nuclear Antigen (PCNA).
Mice (n ϭ 28) were killed, hippocampi were removed, and total RNA was isolated (Ambion, Austin, TX). All RNA samples were DNase-treated. Primer and probe sequences for PCNA were designed by using a software program (PRIMEREXPRESS, Applied Biosystems) and synthesized commercially (Integrated DNA Technologies, Coralville, IA). The primers were as follows: PCNA forward, 5Ј-GCG CAG AGG GTT GGT AGT TG-3Ј; PCNA reverse, 5Ј-CCC GAT TCA CGA TGC AGA A-3Ј. The TaqMan PCNA probe was 5Ј-͞56-FAM͞CGC TGT AGG CCT TCG CTG CCG͞36-TAMNph͞-3Ј. Assays with primers and probe for GAPDH mRNA (TaqMan Rodent GAPDH Control Reagents, Applied Biosystems) were used to normalize samples. RT-PCRs were incubated under the following conditions: 2-min uracil-N-glycosylase treatment at 50°C, 30-min reverse transcription at 60°C, and 5-min deactivation of uracil-N-glycosylase at 95°C. Amplification was carried out under the following conditions: 20-s denaturation at 94°C followed by 1-min annealing and extension at 62°C for 40 cycles. Assays were performed with an automated instrument (Model 7700, Applied Biosystems) and commercial reagents (TaqMan EZ RT-PCR Core Reagents, Applied Biosystems).
Real-Time PCR for Alu Sequences. Genomic DNA was extracted from isolated hippocampi of mice (n ϭ 8; DNeasy, Qiagen, Valencia, CA). The sequence of the PCR primers and the probe used for detection of human Alu repetitive sequences (35) were as follows: Alu forward, 5Ј-CAT GGT GAA ACC CCG TCT CTA-3Ј; Alu reverse, 5Ј-GCC TCA GCC TCC CGA GTA G-3Ј; TaqMan probe, 5Ј-FAM-ATT AGC CGG GCG TGG TGG CG-TAMRA-3Ј (Applied Biosystems). PCR assays for Alu sequences were performed in a volume of 50 l that contained 25 l of Universal PCR Master Mix (Applied Biosystems), 900 nM each of the forward and reverse primers, 250 nM TaqMan probe, and 50 ng of target template. Reactions were incubated at 50°C for 2 min for uracil-N-glycosylase activity and at 95°C for 10 min to activate the polymerase (AmpliTaq Gold, Applied Biosystems) followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Standard curves were generated by serially diluting human genomic DNA prepared from MSCs into samples containing genomic DNA from mouse brain for a total of 50 ng. Values were normalized by assays for GAPDH (Applied Biosystems).
Tissue Preparation. Mice were transcardially perfused with 20 ml of ice-cold PBS followed by 30 ml of 4% paraformaldehyde in PBS. Brains were removed, postfixed overnight at 4°C, and incubated in 30% sucrose at 4°C until equilibrated. Brains were frozen for 1 min at Ϫ50°C in dry-ice-cooled 2-methylbutane (Fisher Scientific) and stored at Ϫ80°C.
Immunostaining of Brain Sections. Coronal sections of 40 m were cut by using a microtome and processed as free-floating sections. Sections were incubated in 3% H 2 O 2 ͞50% ice-cold methanol͞ PBS for 15 min followed by washes in PBS. Sections were then blocked in 5% normal serum from the species in which the secondary antibody was raised and 0.4% Triton-X-100 (Sigma) for 1 h at room temperature. Sections were subsequently incubated for 24 h with the primary antibodies at 4°C. We used anti-human nuclei antigen (anti-HNA; Chemicon; 1:100) to identify donor cells and anti-PCNA (Santa Cruz Biotechnology; 1:200) to identify proliferating cells. To identify secreted factors, we used anti-NGF (Santa Cruz Biotechnology; 1:1,000), antibrain-derived neurotrophic factor (Santa Cruz Biotechnology; 1:1,000), anti-NT-4͞5 (Santa Cruz Biotechnology; 1:1,000), anti-NT-3 (Chemicon; 1:200), anti-CNTF (Santa Cruz Biotechnology; 1:400), anti-VEGF (Santa Cruz Biotechnology; 1:400), anti-EPO (Santa Cruz Biotechnology; 1:100), and anti-BMI-1 (Santa Cruz Biotechnology; 1:100). We used anti-Sox2 (StemCell Technologies; 1:100), anti-doublecortin (Santa Cruz Biotechnology; 1:400), and anti-nestin (Covance, Berkeley, CA; 1:400) to identify neural stem͞progenitor cells; anti-Sternberger monoclonal incorporated-311 (anti-SMI-311; Sternberger Monoclonal Antibodies, Lutherville, MD; 1:5,000) and antineuronal nuclei (anti-NeuN, Chemicon; 1:400), to identify neurons; anti-NG-2 chondroitin sulfate proteoglycan (anti-NG-2, Chemicon; 1:500) to identify oligodendrocyte precursor cells; and anti-glial fibrillary acidic protein (anti-GFAP; Sigma; 1:400) to identify astrocytes. For BrdUrd processing, sections were incubated in 2 M HCl for 30 min at 37°C followed by 0.1 M borate buffer for 15 min at room temperature. Sections were then processed as described above. Rat anti-BrdUrd (Abcam, Cambridge, MA; 1:20) or mouse anti-BrdUrd (Sigma; 1:400) was used to identify newly generated cells. For visualization, the sections were incubated in secondary antiserum (Alexa Fluor 488, 1:500, or Alexa Fluor 594, 1:1,000; Invitrogen) for 1 h at room temperature followed by washes. Sections were then mounted on precoated slides (Superfrost Plus Microscope Slides, Fisher Scientific), coverslipped with a DNA counterstain (DAPI, Vector Laboratories), and stored at 4°C. Sections were analyzed by using an epifluorescence microscope (Eclipse E800, Nikon, Melville, NY) with SPOT-RT imaging software (Diagnostic Instruments, Sterling Heights, MI).
ELISAs. Mice (n ϭ 6 per group) were killed, hippocampi were removed and pooled according to treatment condition, and protein was isolated (M-PER, Pierce, Rockford, IL). NGF and NT-4͞5 were detected by using commercial ELISA kits (E max ImmunoAssay System, Promega).
Statistical Analyses. All data were expressed as means and standard errors or standard deviations and analyzed by using ANOVA and Student's t tests. The level of significance for all analyses was p Ͻ 0.05.
Results

Implantation of Human MSCs Promoted Proliferation of Endogenous
NSCs. Either 50,000 or 100,000 human MSCs were unilaterally implanted into the DG of the hippocampus of adult immuno-deficient mice, and the hippocampi were assayed for survival of the human cells by real-time PCR assays of the human Alu sequences. The data were variable in that the levels were not detectable with the PCR assays of hippocampi in some samples, but up to 26% of the human cells survived in some mice at 3 days after implant (Table 1) .
Real-time RT-PCR assays for mRNA for PCNA were used to determine whether implantation of the human MSCs increased proliferation of cells in the hippocampi. After 1 and 3 days, there was a significant increase in mRNA for PCNA in the implanted hippocampi compared with control vehicle-injected contralateral hippocampi (Fig. 1A) . Also, there was no increase in proliferation compared with a second control consisting of injection of nonviable MSCs (Fig. 1B) . Increased proliferation was no longer detected with the PCNA assay at 7 or 30 days.
To confirm proliferation and to determine which cells in the hippocampi were proliferating, sections were doubly stained with antibodies to PCNA to identify proliferating cells and antibodies to HNA to identify human cells. There was little evidence of proliferation of the implanted human MSCs (Fig.  1C) . However, there was a marked increase in the proliferation of the endogenous mouse cells within the MSC-injected hippocampi.
To follow the fate of proliferating cells, BrdUrd was systemically administered after implantation of the human MSCs (Fig.  1D) . In mice killed on day 1, 3, 7, or 30 after implantation of the human MSCs, there was a marked increase in newly generated BrdUrd-labeled cells in the implanted hippocampi compared with vehicle-injected or naive hippocampi (data not shown). Seven days after the implantation, the BrdUrd-labeled cells were immunoreactive for PCNA (Fig. 1E) . A subpopulation of PCNA ϩ proliferating cells was immunoreactive for the stem cell marker Sox2 (Fig. 1E) . By 30 days, BrdUrd-labeled cells were no longer immunoreactive for PCNA (Fig. 1E) or Sox2 (data not shown).
These data demonstrate that implanted MSCs stimulated the proliferation of endogenous NSCs within the hippocampus.
Migration of the Expanded Endogenous NSCs. Seven days after implantation of the MSCs, several newly generated BrdUrdlabeled NSCs expressed doublecortin, a marker for migrating neuronal cells (Fig. 1E) . BrdUrd-labeled NSCs had migrated from the DG to the stratum radiatum, CA1 pyramidal cell layer, and the stratum oriens of the hippocampus. However, 30 days after implantation, the BrdUrd-labeled NSCs were no longer immunoreactive for doublecortin (data not shown), an observation that raised the possibility that the cells were no longer migrating.
Differentiation of Newly Generated NSCs into both Neural Precursors
and Mature Neural Cells. Double fluorescence staining of sections from BrdUrd-labeled mice demonstrated that, at 7 days after implant, some of the expanded NSCs expressed nestin ( Fig. 2A) . At this stage, a subpopulation of BrdUrd-labeled cells were immunoreactive for NG-2 ( Fig. 2 A) , a phenotypic marker of oligodendrocyte progenitors. Of note was that, 30 days after implantation of the human MSCs, we no longer detected BrdUrd-labeled cells that were immunoreactive for nestin or NG-2. Although BrdUrd-labeled cells were no longer immunoreactive for NG-2, some endogenous cells stained for NG-2. Interestingly, some of the BrdUrd-labeled cells were in close proximity to and appeared to be contacted by oligodendrocyte progenitors. These results suggested that the proliferation had ceased and that BrdUrd-labeled cells had differentiated into more mature neural cells by 30 days after implantation.
Accordingly, we performed double fluorescence immunohistochemistry on sections from BrdUrd-labeled mice with antibodies to proteins expressed in mature neural cells. The results (Fig. 2B) demonstrated that, at 30 days after implantation, but not at 7 days, some of the newly generated cells were immunoreactive for NeuN and SMI-311, suggesting maturation of the newly generated cells into more mature neurons. The results also demonstrated that some of the newly generated cells expressed the astroglia marker anti-glial fibrillary acidic protein at both 7 and 30 days after implant, suggesting an astroglial response to the implanted MSCs. Interestingly, no detectable difference in astrogliosis was observed between MSC-injected or vehicleinjected hippocampi 30 days after implant, suggesting that newly generated astroglia survived and were incorporated into the host cytoarchitecture.
These data indicate that the implanted MSCs promoted the expansion of endogenous NSCs and that the expanded cells differentiated into more mature neural cells.
Newly Generated Cells Expressed Trophic Factors. To determine whether the expanded endogenous cells expressed neurotrophins, we performed further double-staining assays of the hippocampi. At 7 days after implantation, a subpopulation of BrdUrd-labeled cells exhibited short cytoplasmic processes that were immunoreactive for NGF and VEGF (Fig. 3) ; they were not immunoreactive for CNTF or NT-4͞5. By 30 days after implantation, some BrdUrd-labeled cells exhibited elaborate processes that were immunoreactive not only for NGF and VEGF, but also for CNTF and NT-4͞5. The results suggested that the BrdUrd-labeled cells had matured and integrated into the host cytoarchitecture.
Implanted Human MSCs Stimulated Synthesis of Neuronal Survival
Factors. To determine whether the implanted human MSCs stimulated synthesis of neural survival factors, brain sections were doubly stained with antibodies to human-specific human nuclei antigen and to neurotrophins (Fig. 4) . The results indicated that implantation of the human MSCs increased endogenous expression of NGF, VEGF, CNTF, FGF-2, and, to a lesser extent, BMI-1. NGF expression was localized primarily within the dorsal hippocampus and the DG of MSC-injected hippocampi, with little to no immunoreactivity in vehicle-injected hippocampi. VEGF expression was localized to the DG in close proximity to the human MSCs, with little to no immunoreactivity in vehicleinjected hippocampi. CNTF expression was localized mostly within the dorsal hippocampus and the DG, whereas expression in the vehicle-injected hippocampi was localized mainly to the subgranular zone of the DG. FGF-2 expression was localized mostly within the dorsal hippocampus and the DG of MSCinjected hemispheres, whereas expression in the vehicle-injected hippocampi was mainly localized to the subgranular zone of the DG. Also, BMI-1 expression was localized to the dorsal hippocampus and DG in the MSC-injected hemispheres, with similar but lower levels of expression in vehicle-injected hippocampi. In contrast, EPO expression was equally up-regulated in the hippocampus and DG of MSC-injected and vehicleinjected hippocampi.
The results were confirmed by ELISAs for neurotrophins on isolated hippocampi (Fig. 5) . Seven days after implantation of the human MSCs, there was a marked increase in the levels of NGF and NT-4͞5. The levels returned to control values 30 days after implantation of the human MSCs. These data suggest that human MSCs regulate the proliferation and migration of newly generated endogenous NSCs in part by stimulating the synthesis by adjacent endogenous cells of factors that promote neurogenesis.
Discussion
The results presented here provide a paradigm for repair of tissues by MSCs. The MSCs implanted into the hippocampus did not proliferate, but they greatly increased proliferation of adja- cent cells that expressed the stem cell marker Sox2. The increase in proliferation was detected at 1 and 3 days after implantation by real-time PCR assays and at 7 days by immunohistochemistry. Labeling of the mice with BrdUrd demonstrated that the newly generated cells expressed the migration marker doublecortin and migrated throughout the dorsal hippocampus. At 7 days after implantation, subpopulations of BrdUrd-labeled cells expressed markers for astrocytes and neural or oligodendrocyte progenitors; they also expressed the neurotrophins NGF and VEGF. At 30 days after the implantation, some of the newly generated cells expressed markers of more mature neurons and astrocytes. Also, they expressed CNTF and NT-4͞5 in addition to NGF and VEGF. The results indicate that implantation of human MSCs in the mouse hippocampus stimulated proliferation, migration, and differentiation of the endogenous NSCs that survived as more differentiated neural cells.
The effects produced by the human MSCs are probably explained by their secretion of chemokines. After implantation, there was a generalized increase in expression in the hippocampus of NGF, VEGF, CNTF, and FGF-2 and, to a lesser extent, of BMI-1. These and some of the other chemokines expressed by MSCs probably accounted for the increase in neurogenesis. The chemokines secreted by MSCs may have acted directly on the NSCs. However, it is also possible that factors secreted by the MSCs activated nearby astrocytes and activation of the astrocytes produced the increase in neurogenesis, because astrocytes are located in close proximity to NSCs (6) in the hippocampus and express several factors that independently increase neurogenesis (36, 37) .
The effects of MSCs on proliferation and differentiation of NSCs suggest that they may have similar effects on other stem͞progenitor cells in other tissues. Such effects may well explain a number of recent reports in which administration of MSCs or related cells from bone marrow produced improvements in animal models and in clinical trials for heart disease and other disorders even though a limited number of cells engrafted (30, (38) (39) (40) (41) (42) . 
